Tree amplitudes for baryon-pion scattering are studied in the 1/N c expansion. Generalized large-N c consistency conditions are obtained to all orders in baryon mass splittings. For baryons with spin J ∼ O(1), the leading order in N c tree amplitudes can be evaluated keeping only terms up to a given finite order in baryon mass splittings.
I. INTRODUCTION
The study of baryons in the 1/N c expansion has led to significant theoretical progress in understanding the spin-flavor structure of QCD baryons (See Ref. [1] for a recent review).
In the large-N c limit, there exists a spin-flavor symmetry for baryons [2] [3] [4] , and baryons form irreducible representations of the spin-flavor symmetry. For N c large but finite, these irreducible representations contain baryons with spins ranging from J ∼ O(1) to J ∼ O(N c ).
Important symmetry relations can be derived for baryons with spin J ∼ O(1).
Dashen, Jenkins and Manohar [4] showed that large N c power counting rules for multipion-baryon-baryon scattering amplitudes yield important constraints on baryon axial vector couplings and masses, as well as other static properties. Consistency of the large N c limit requires exact cancellations amongst the tree diagram amplitudes at leading orders in N c . These cancellations have been discussed explicitly in Refs. [2, 4] for the simplest cases of baryon-pion scattering to a baryon plus one or two pions. The non-degeneracy of the baryon states in a given spin-flavor representation for finite N c results in additional consistency conditions involving the baryon mass operator [3] . Interestingly, for baryons with two flavors of light quarks N F = 2 and spin J ∼ O(1), the leading contribution to the tree amplitude for baryon-pion scattering to a baryon and a single pion comes from terms which are first order in the baryon mass splittings [4] .
In this paper, we generalize the prior analysis of baryon-pion scattering amplitudes by Dashen, Jenkins and Manohar [4] . We obtain new large-N c consistency conditions for baryon axial vector couplings by studying tree scattering amplitudes to all orders in baryon mass splittings. We also obtain additional large-N c consistency conditions for baryon vector current couplings. Lam and Liu [5] previously showed that the requisite cancellations of Ref. [4] occur in the degeneracy limit for tree scattering amplitudes containing an arbitrary number of single pion-baryon-baryon vertices. The analysis of this work extends this result to all orders in baryon mass splittings. As we have remarked, terms involving baryon mass splittings contribute to baryon-pion scattering amplitudes at leading order in N c , so the demonstration of consistency of the large-N c limit for baryon-meson tree amplitudes is incomplete without the inclusion of baryon mass splittings.
The organization of this paper is as follows. In Sec. II, we give a brief description of large-N c baryon spin-flavor symmetry and review baryon chiral perturbation theory in the 1/N c expansion. In Sec. III, we study baryon-pion scattering amplitudes, and derive large-N c consistency conditions to all orders in baryon mass splittings. We then compute the leading in N c tree amplitude explicitly for a few specific examples, and comment upon the general case. We conclude in Sec. IV. 
In Eq. (4), the D ia n are diagonal operators with nonzero matrix elements only between baryon states with the same spin, whereas O ia n are purely off-diagonal operators with nonzero matrix elements only between baryon states of different spin. The explicit forms for these operators can be found in Ref. [6] . At the physical value N c = 3, Eq. (3) reduces to
and Eq. (4) reduces to
1 This convention is referred to as the quark representation in the literature, see Ref. [6] .
where
The 1/N c chiral Lagrangian describing the interactions of soft pions is formulated in terms of the field
where Π(x) is the nonet of Goldstone boson fields
and f ∼ O( √ N c ) is the pion decay constant. (The η ′ field is a Goldstone boson in the large-N c limit because U(1) A is a symmetry that is broken only at order 1/N c by the axial anomaly [9] .) The 1/N c chiral Lagrangian for matter fields depends on the ξ field through the vector and axial vector currents
The Goldstone boson nonet vector and axial vector currents appearing in the 1/N c baryon chiral Lagrangian are given by
and
respectively. Notice that the SU(3) singlet portion of the pion vector current vanishes identically, and that the singlet portion of the pion axial vector current is proportional to a single derivatively coupled η ′ .
The 1/N c chiral Lagrangian for baryons in the baryon rest frame is given by [10] 
where the ellipsis represents terms of higher order in the derivative and 1/N c expansions as well as terms involving explicit chiral symmetry breaking by the quark mass matrix. In
Eq. (14), the covariant derivative is equal to
where A = 1, · · · , 9, and λ 9 ≡ 2I/ √ 6, and the summation over the index A in the covariant 
The last two terms in Eq. (14) describe the axial couplings of a baryon to pions. The baryon axial vector current A i9 ≡ A i is defined in terms of Eq. (4) and the baryon one-body
Nonet flavor symmetry of the pion-baryon-baryon axial vector couplings is broken explicitly by the last term in Eq. (14) , which gives a nonet symmetry-breaking contribution to the singlet baryon axial vector current A i at relative order 1/N c . The baryon chiral Lagrangian has been written in the rest frame of the baryon for notational simplicity; it is straightforward to rewrite the Lagrangian in an arbitrary Lorentz frame in which the baryon travels with a fixed four-velocity v µ .
SU ( 
where a = 3, 8, 9. The baryon 1/N c expansion of the QCD 1-body quark operator (qλ a q)/2
is given by
The baryon 1/N c expansion of this scalar density reduces to
for N c = 3. Nonet flavor symmetry of the first term in Eq. (18) 
In the rest frame of the baryon, this reduces to
The binomial expansion of the baryon propagator is valid when the baryon mass difference is treated as a c-number. We will use this expansion in the next section to derive large-N c consistency conditions for the baryon mass operator M.
III. BARYON-PION SCATTERING AMPLITUDES
The amplitude for a baryon and pion to scatter to a final state consisting of a single
) by large-N c power counting [13] . (For recent reviews of large-N c power counting, consult Refs. [1, 14] ). The scattering amplitude is given by
where A vertex refers to the amplitude produced by contact n-meson-baryon-baryon vertex graphs; A tree denotes the amplitude obtained from all other tree diagrams; and A loop represents the amplitude obtained from all loop diagrams. Each of these terms is at most
), so A vertex is leading order.
A tree also is O(N ). Thus, the individual amplitudes for tree diagrams with n pion-baryon-baryon vertices must cancel exactly to (n − 1) powers of N c [5] . These exact cancellations must result from the operator structure of the tree amplitude. The loop amplitude A loop is equal to
where A [15] , which considers the renormalization of the baryon axial vector couplings at one-loop. We address the issue of tree diagram cancellations to all orders in baryon mass splittings in the remainder of this paper.
We begin by analyzing the simplest baryon-pion scattering process B + π → B ′ + π in large N c , where π denotes one of the nine pseudo-Goldstone mesons π, K, η and η ′ .
The scattering process is considered for soft pions with energies of order unity. The tree amplitude for this process is computed from the two tree diagrams displayed in Fig. 1 [2] .
In the baryon rest frame, 
where the ellipsis refers to terms proportional to higher powers of baryon mass differences.
The terms in Eq. (27) are proportional to c-number baryon mass differences and can be rewritten in terms of the baryon mass operator M as
where n refers to the number of insertions of the baryon mass operator M commuted 
. . . 
for all n starting with n = 0. 
where the ellipses denote terms which are subleading in 1/N c compared to terms which have been retained. Thus, the leading O(1) portion of the tree amplitude for B + π → B ′ + π scattering is
in the SU(3) flavor symmetry limit.
The vertex amplitude contributes an additional O(1) piece from the 2-pion-baryonbaryon contact interaction shown in Fig. 2 ,
Thus, the leading in O(1) amplitude is given by the sum of Eqs. (ii) the f -symbol reduces to the ǫ-symbol; and (iii) the flavor generator T a reduces to the isospin generator I a ; the leading O(1) portion of the tree amplitude for B + π → B ′ + π scattering for baryons with J ∼ I ∼ O(1) reduces to flavor symmetry breaking also appears in the tree amplitude through the baryon mass operator M, which now contains flavor-dependent mass splittings. We will not evaluate these contributions explicitly.
The scattering process B + π → B ′ + π + π can be analyzed in a similar manner. The tree amplitude from the diagrams in Fig. 3 is given by 
to zeroth order in baryon mass differences,
to first order in baryon mass differences, and
to second order in baryon mass differences. In general, to n th order in baryon mass differences, the consistency conditions restrict all possible commutators obtained from The leading O(N c ) portions of these commutators can be evaluated explicitly, but are rather lengthy and will be suppressed.
There are additional cancellations involving the 2-pion-baryon-baryon vertices occurring between the six tree diagrams displayed in Fig. 4 . The amplitude produced by the diagrams in Fig. 4 is given by 
where the terms in the summation have n commutators of M with the baryon axial current.
The large-N c consistency conditions for the diagrams in Fig. 4 are derived from Eq. (41) for pion energies of order unity. The constraint that the tree amplitude be at most O(1/ √ N c )
yields the large-N c consistency conditions
. . .
The vertex amplitude contributes an O(1/ √ N c ) piece from the contact 3-pion-baryonbaryon interaction given by Large-N c consistency conditions for these 2-pion-baryon-baryon vertices follow from the constraint that the scattering amplitude is < ∼ O(1/ √ N c ). These additional large-N c consistency conditions are:
for all n starting with n = 0. Notice that Eq. (46) The generalization to the scattering process B + π → B ′ + (n − 1)π for n > 3 is straightforward, although the expressions for the scattering amplitudes necessarily become very lengthy. The large-N c consistency conditions that follow from diagrams with n 1-pionbaryon-baryon vertices are that
and that all multicommutators of n baryon axial vector currents with additional commuta- 
All multicommutators deriving from this multicommutator with additional commutators of M dressing the baryon axial vector currents in all possible ways are constrained to be at most O(N c ). Diagrams with two even-pion-baryon-baryon vertices and multiple odd-pionbaryon-baryon vertices yield the large-N c consistency conditions 
All possible dressings of these multicommutators with arbitrary numbers of commutators of the baryon mass operator M are constrained to be < ∼ O(N c ) as well.
IV. CONCLUSIONS
Exact cancellations occur in the tree amplitudes for baryon-pion scattering amplitudes at leading orders in N c . As the number of pions involved in the scattering grows, the power These cancellations were discussed previously in Ref. [4] to zeroth order in baryon mass splittings. The contribution to B + π → B ′ + π scattering at first subleading order in baryon mass splittings also was derived in Ref. [4] , and was determined to be the dominant portion of the tree amplitude for π The contribution to A tree (B + π → B ′ + π + π) from the diagrams displayed in Fig. 3 , written in terms of the baryon mass operator M, is given by: 
